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acteristic that has facilitated their use as a model organism for photosynthesis, nitrogen fixation (Herrero and Flores, 2008) , environmental stress tolerance (Los et al., 2010; Muramatsu and Hihara, 2012) , and the evolution of plastid endosymbiosis (McFadden, 2014) . Recently, cyanobacteria have been studied for the production of biofuels and biomaterials because they can directly convert carbon dioxide to biomass and beneficial metabolites by photosynthesis and they grow faster than plants (Angermayr et al., 2015) . Therefore, production systems using cyanobacteria from renewable resources are expected to contribute not only to sustainable energy generation but also to mitigate the effects of global warming by the uptake of atmospheric CO 2 .
Among cyanobacteria, Synechocystis sp. PCC 6803 (hereafter called Synechocystis) is the most studied strain, and a large amount of genomic and physiological information about this organism has been generated over the years. Synechocystis was the first photosynthetic organism to have its genome sequenced (Kaneko et al., 1996) , which comprises a 3.6-Mb chromosome and seven plasmids. Moreover, it is naturally transformable, and a number of molecular tools are available for its genetic manipulation (Heidorn et al., 2011; Koksharova and Wolk, 2002) . Several expression systems that regulate transcription levels have been developed in Synechocystis (Berla et al., 2013) : metabolite-inducible promoters, such as the LacI repressor-lacO operator system induced by the addition of isopropyl b-D-1-thiogalactopyranoside (IPTG) (Guerrero et al., 2012; Huang et al., 2010) ; metal-inducible promoters (Guerrero et al., 2012; Kunert et al., 2003; Peca et al., 2007; Schuergers et al., 2014) ; and light-inducible promoters, induced by high-intensity light (Berto et al., 2011; Lindberg et al., 2010) or green light (Abe et al., 2014) . The trc promoter, a part of the IPTG-inducible A tightly inducible riboswitch system in Synechocystis sp. PCC 6803 (Received December 14, 2015; Accepted February 10, 2016 Cyanobacteria are photosynthetic microorganisms that serve as experimental model organisms for the study of photosynthesis, environmental stress responses, and the production of biofuels. Genetic tools for bioengineering have been developed as a result of such studies. However, there is still room for improvement for the tight control of experimental protein expression in these microorganisms. Here, we describe an expression system controlled by a theophylline-responsive riboswitch that we have constructed in the cyanobacterium Synechocystis sp. PCC 6803. We demonstrate that, in response to different theophylline concentrations, this riboswitch can tightly control green fluorescence protein expression in Synechocystis. Thus, this system is useful as a tool for genetic engineering and the synthetic biology of cyanobacteria.
Introduction
Cyanobacteria are photosynthetic microorganisms believed to be the ancestors of chloroplasts. Cyanobacteria thrive in various environmental conditions, including the ocean, fresh water, deserts, and the polar regions (Herrero and Flores, 2008) . Their apparent adaptability is one char-
Primer name
Sequence (5¢ to 3¢)
GCTCTAGAAGTAAAGGAGAAGAACTTTT gfp-Sal-r GCGTCGACTTATTTGTATAGTTCATCCATG Table 1 . Primers used in this study.
Fig. 1.
Construction of a GFP expression system using a theophylline-responsive riboswitch.
(A) Schematic representation of pVZR-GFP and pVZR-HA-GFP including the useable restriction sites. The sequence of the riboswitch (indicated by the red bar) was placed downstream of the trc promoter (P trc and lacO, indicated by the black bar). (B) E. coli expression of GFP with or without the HA tag in the absence or presence of 1 mM IPTG and/or 2 mM theophylline (Theo). Cells were inoculated at an OD 600 of 0.1 into LB medium in which IPTG and/or theophylline were added, and then the cultures were incubated for 2 h. Cells were harvested from a 500-ml culture, and added to 50 ml of sample buffer and boiled at 100∞C, and then 5 ml aliquots were subjected to SDS-western analysis using anti-GFP.
system, is widely used for genetic engineering; however, little response is observed in Synechocystis (Guerrero et al., 2012; Huang et al., 2010) . Copper-and light-dependent expression systems are of concern because of possible physiological effects. Consequently, there is great demand for a tightly regulated system for protein expression in Synechocystis.
Riboswitches are elements within mRNA that regulate (A) Expression levels of GFP in the absence or presence of 2 mM theophylline (Theo). Cells were inoculated into BG-11 medium at an OD 750 of 0.2 and cultivated for 18 h. Protein extracts from cultured cells were subjected to SDS-western blot analysis using anti-GFP and anti-RpoA as an internal control. (B) GFP expression was detected by FACS analysis. Cells were incubated under the same conditions as for (A) and subjected to FACS analysis in the absence (black line) or presence (red line) of 2 mM theophylline. Upper: cells harboring pVZR-GFP, lower: wild-type cells. (C) Microscopic analysis. Image of bright field (top), autofluorescence (chlorophyll; middle), and GFP signal (GFP; bottom) in the absence and presence of theophylline.
gene transcription or post-transcriptional events (Breaker, 2011) . They are composed of an aptamer sequence often located in the 5¢ untranslated region (5¢-UTR) of bacterial mRNA that binds to a metabolite or metal ion as a ligand. Binding of a specific ligand to the aptamer sequence results in a change in the secondary structure conformation of mRNA that impedes ribosome binding to the 5¢-UTR and suppresses translation initiation. Recently, a synthetic theophylline-responsive riboswitch was developed as a tool for genetic engineering in Gram-negative and Grampositive bacteria (Topp et al., 2010) . Theophylline is a caffeine analog, and its responsive riboswitch can control protein expression by regulating translation initiation. This system was tested in some cyanobacteria, such as Synechococcus elongatus PCC 7942, Anabaena sp. PCC 7120, Leptolyngbya sp. BL0902 and Synechocystis WHSyn (Ma et al., 2014; Nakahira et al., 2013) . Here, we describe the construction of a conjugative expression vector using a theophylline-responsive riboswitch and examine the resulting expression levels and its regulation using a green fluorescence protein (GFP) reporter in Synechocystis. We show the strict regulation of GFP expression levels with the theophylline concentration. This system is useful not only for functional analysis, but also for applications using Synechocystis.
Materials and Methods
Culturing conditions. The Escherichia coli DH5a strain was inoculated into LB medium at an OD 600 of 0.1 with, and without, 1 mM IPTG and 2 mM theophylline. Synechocystis sp. PCC 6803 GT-I was grown photoautotrophically at 30∞C under shaking and continuous illumination (40 mE/m 2 /s) in modified BG-11 medium (Castenholz, 1988) , which contains double amounts of NaNO 3 . When appropriate, kanamycin was added at a final concentration of 10 mg/ml. Theophylline was dissolved in fresh BG-11 or LB medium (20 mM as stock concentration) and used for the induction. Construction of the plasmid vector carrying the riboswitch system. We constructed plasmids pVZR-GFP and -HAGFP based on the plasmid pVZ323, which harbors a kanamycin-resistance gene (Zinchenko et al., 1999) , as follows. The two DNA fragments containing the trc promoter, lacO, and the riboswitch region from pEYN12 containing a strong variant, riboswitch-E*, (Nakahira et al., 2013 ) and the hemagglutinin (HA)-tag with the multi-cloning site and rrn terminator region from pNSHA were amplified with the appropriate primer sets (Kmribof and MCS-Kmribo-r, Kmribo-MCS-f and rrnBglII-r, respectively; Table 1 ) and recombined with primers Kmribof and rrnBglII-r. The resulting fragment was cloned between the XhoI and BglII sites of pTCHT2031V (Ishizuka et al., 2006) and named pSynRH. Next, the fragment amplified by the primers trcup-NsiI-f and rrn-NheI-r from pSynRH was cloned into pVZ323 (Zinchenko et al., 1999) that had been digested with PstI and XbaI. For the expression of GFP fused with, or without, the HA-tag at the Nterminal end, the GFP mut2 gene (Cormack et al., 1996) was amplified using primers (gfp-NotI-f or gfp-XbaI-f and gfpSalI-r) and cloned into the NotI and SalI sites to generate pVZR-GFP or into the XbaI and SalI sites to generate pVZR-HAGFP (Fig. 1A and Supplemental Fig. S1 ). The pVZR-GFP vector was transferred to Synechocystis cells by conjugation (Zinchenko et al., 1999) , and exconjugants were selected on BG11 agar plates containing 50 mg/ml kanamycin. SDS-western analysis. Crude protein extracts from E. coli and Synechocystis cells were subjected to SDS-western analysis using anti-GFP (MBL, Japan) and anti-RpoA (Imamura et al., 2004) , according to Watanabe et al. (2012) . 
Results and Discussion

Construction of a theophylline-responsive riboswitch plasmid and expression in E. coli
To control gene expression in cyanobacteria, we used a theophylline-responsive riboswitch-E*, because it exerted most efficiently for tight regulation in cyanobacterium Synechococcus elongatus PCC 7942 (Nakahira et al., 2013) . The riboswitch was placed downstream of the trc promoter, an E. coli consensus promoter shown to be functional in many different cyanobacteria (Berla et al., 2013) . To evaluate the riboswitch, a GFP reporter was fused to the trc promoter-riboswitch construct with, or without, the HA-tag. Then, the constructs were introduced into pVZ323, which is a shuttle vector in cyanobacteria and E. coli (Zinchenko et al., 1999) , and the resulting vector was named pVZR-GFP and pVZR-HA-GFP (Fig. 1A and Fig.  S1 ). We first examined the regulation of this construct in E. coli. pVZR-GFP with, or without, the HA tag was introduced into E. coli, and the expression assay was conducted. Because pVZR-GFP contains the lacO sequence downstream of the trc promoter, gene transcription can be regulated by IPTG in E. coli. Cells were cultivated for 2 h with, or without, IPTG and/or theophylline. GFP was detected by western blotting using anti-GFP only in the presence of theophylline (Fig. 1B) . Expression of GFP in the absence of theophylline was not detectable even when transcription was induced by IPTG, indicating that this construct works at the translational level in E coli. Surprisingly, the HA-tagged GFP was only slightly induced even in the presence of theophylline (Fig. 1B) . Secondary structure prediction indicated that the 5¢-end of HA-gfp transcript forms an intricate stem-loop structure (Supplemental Fig. S2 ), suggesting that not only the theophylline-responsive element but also downstream sequences are important for translational regulation.
Expression assay in Synechocystis
To investigate the utility of pVZR-GFP in cyanobacteria, this vector was transferred into the model cyanobacterium Synechocystis by conjugation. Isolated transconjugants were inoculated into BG-11 medium at an OD 750 of 0.2 and cultivated for 18 h in the absence, or presence, of 2 mM theophylline. Because Synechocystis does not have a lacI gene, the effect of IPTG was not tested. Cell extracts that were prepared from Synechocystis cultures after cultivation for 18 h were subjected to SDS-western blotting using anti-GFP and anti-RpoA (Imamura et al., 2004) as an internal control. GFP was detected only in the presence of theophylline ( Fig. 2A) , whereas HA-tagged GFP was not detected in the presence of theophylline, as was the case in E. coli (data not shown). This result indicated that the pVZR-GFP riboswitch strictly regulated the protein expression in Synechocystis, and the N-terminal sequence affected translational efficiency. To confirm the GFP expression resulting from the riboswitch, GFP fluorescence was analyzed using flow cytometry. In the absence of theophylline, the signal intensity was comparable between the cells harboring pVZR-GFP and the wildtype cells, indicating that the GFP expression was repressed to the background level in the non-induced condition. GFP fluorescence was clearly observed in the cells with pVZR-GFP in the presence of 2 mM theophylline, while there were no effects in the wild-type cells (Fig.  2B ). In addition, GFP fluorescence was observed in all theophylline-induced cells by fluorescence microscopy (Fig. 2C) . These results indicated that the theophylline riboswitch system is available for the induction of gene expression in Synechocystis.
Expression level control by theophylline concentration
We then tested the dose-response of GFP expression as a function of concentration from 0.01 to 5 mM theophylline in Synechocystis. GFP expression levels were estimated by western blotting and normalized with RpoA as an internal standard. GFP expression was not detected without theophylline, and it gradually increased depending on the theophylline concentrations (Fig. 3) . GFP expression increased six-fold in 1 mM theophylline compared with 0.1 mM theophylline, and GFP expression did not increase above 1 mM theophylline. This result is consistent with previous work that showed luciferase activity in Synechococcus elongatus PCC 7942 to increase in proportion to theophylline concentration, from 0.1 to 2 mM (Nakahira et al., 2013) . We conclude that protein expression can be tightly controlled in Synechocystis using theophylline concentrations between 0.1 and 1.0 mM. In addition, we also tested the effect of theophylline on the growth of Synechocystis. The growth was comparable in the presence of 0-2 mM theophylline, while it was delayed in 5 mM theophylline. Therefore, it is necessary to consider the cytotoxicity of theophylline when it is used as an inducer.
Together, these results show that the theophylline riboswitch is quite useful in both Synechocystis and E. coli. It extends previous work on the applicability of this riboswitch in cyanobacteria (Ma et al., 2014; Nakahira et al., 2013) . In addition, our data imply an issue about this system: the effect of the sequence around the riboswitch. This work contributes to the field of synthetic biology by demonstrating the utility of the theophylline riboswitch to control protein expression in Synechocystis, the most popular cyanobacterial model organism, given the availability of currently more than 860 mutants (Nakamura et al., 1999) and significant resources addressing the systems biology of this strain (Fujisawa et al., 2014; Hernandez-Prieto and Futschik, 2012; Hernandez-Prieto et al., 2014) . The vector constructed in this work followed the rational design of a gene expression system in Synechocystis.
